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^onar  transducers  are  usually  callbrateo  prior  to  Installation  on  a  ship.  They  are 
not,  however,  recalibrated  after  Installation  even  though  their  receiving  (and  transmitting) 
properties  can  change  significantly.  In  this  report  we  present  a  procedure  for  the 
In  situ  calibration  of  sonar  transducers  at  any  desired  time  after  Installation  when 
the  ship  Is  In  open  water.  The  procedure  provides  an  up-to-date  knowledge  of  the  complex 
freefleld  sensitivity  (or  response)  of  each  of  the  array  transducers.  This  knowledge 
can  be  used  to  minimize,  perhaps  even  eliminate,  the  adverse  effects  on  array  performance 
due  to  changes  In  the  properties  of  one  or  more  transducers.  The  In  situ  calibration 
procedure  Is  based  on  a  form  of  three- transducer  reciprocity  calibration  that  uses  sound 
propagation  factors  to  account  for  the  Influence  of  the  ship's  structure.  The  report 
describes  how  to  obtain  numerical  values  for  the  required  sound  propagation  factors. 

It  also  describes  how  to  use  two- transducer  comparison  calibration  to  simplify  the  In 
situ  calibration  process,  at  least  for  highly  reliable  sonars.  Yrt'o  ..fC/  ^ 
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tiM  raoalvlng  (and  traiMMitting)  pcap*rti*a  of  sonax  tranaduoors  can 
tihanga  with  tiaa.  Ihia  ia  aqpaeially  txtM  %Aian  the  tranaduoazs  aza  acnuitad  in 
a  ahip's  aonar  azxay  «diaza  thay  aza  aobjact  to  tba  hazih  ocaan  amrlzonaant.  A 
^wnga  in  tha  pzopartiaa  of  ona  or  aoza  tzanaducara  uaually  tranalataa  into  a 
daqxadation  in  array  parfozaanoa.  Iha  aa»unt  of  daqradation  dapanda  on  tha 
nuater  of  tzanaducara  that  Changa  and  tha  dagzaa  of  thaiz  dhanga. 

Poztunataly,  tha  dagzadation  in  parfozaanoa  can  ha  alniBaaad.  paidiapa  aaen 
aliadnatad,  if  tha  dhangaa  in  tha  zacaiaing  aanaltiaity  (or  tranaadtting 
raaponaa)  aza  ooapanaatad  for  in  tha  array  baaBdonaz  aXaotzonlca.  iiowavar, 
thia  raquizaa  an  vqp-'to-data  knowladga  of  tha  conplax  aanaitiaity  (or 
raaponaa);  i.a.,  both  tha  aaftlituda  and  tha  phaaa  angla,  foz  aadh  of  tha  array 
tzanaducara. 

Although  tzanaducara  ara  of tan  calibratad  prior  to  inatallation  on  tha 
ahip,  at  praaant  thay  ara  not  racalibratad  aftar  inatallation.  In  thia  raport 
aa  praaant  a  procadura  for  tha  in  aitu  calibration  of  aonar  tzanaducara  at  any 
daaizad  tiaa  aftar  inatallation  ^dian  tha  dhip  ia  in  opan  uatar.  It  can  ba 
uaad  to  obtain  tha  conplax  fzaafiald  raoaiaing  voltaiga  aanaitiaitiaa  (and,  if 
daaizad,  tha  trananitting  currant  raaponaaa)  of  all  of  tha  tzanaducara  in  tha 
aonar  amray.  tha  haart  of  tha  procadura  ia  in  aitu  racipvocity  calibration, 
thia  ia  a  for*  of  thraa-tranaducar  raciprocity  calibration  that  uaaa  aound 
propagation  factora  to  account  for  the  influanoa  of  tha  ahip* a  atzuctura.  Na 
develop  tha  theory  for  in  aitu  reciprocity  calibration  in  section  l£  of  thia 
raport.  In  section  III,  ua  describe  hoa  to  obtain  aapirical  values  for  tha 
unknown  aound  propagation  factors,  section  XV  eonaidars  two-tranaducar 
coapariaon  calibration  and  axplaina  how  to  use  it  to  aiaplify  tha  in  situ 
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calibration  procaaa  in  a»jlianga  for  a  poasibla  anall  loan  in  accuracy.  Ha 
cocielMda  tha  report  in  Section  V  eith  a  at^-ty-etep  deacriptlon  of  our 
laniaaanrtart  procedure  for  in  aitu  calibration. 

XX.  XM  SXtO  —CXPPOCXTg  CMifl— flmsi 

In  aitu  reciprocity  calibration  la  a  generallaatlon  of  three-tranaducer 
freeffold  reciprocity  calibration  to  include  non-fxeefield  conditions.  K 
coapcehenalve  description  of  f reef  laid  reciprocity  calibration  (%rithottt  phase) 
is  gieen  by  Boloiier  [1]  While  tha  extension  to  include  phase  is  described  in 
Raf.  2.  In  the  present  analysis,  ee  consider  any  three  transducers,  T^, 
and  T^,  in  the  sonar  array,  he  use  the  tem  "transducer”  here  to  naan  either 
a  single  elaaant  or  a  cluster  (e.g.,  stave)  of  elsacnts  that  are  loinad 
electrically  and  treated  as  a  single  elassnt  for  beastfomdag  purposes,  ha 
assisM  that  sadh  transducer  is  recipro^l  and  can  either  be  driven  as  a 
projector  or  receive  sound  as  a  hydrophone,  this  assuaptlon  requires  that  any 
preaaplifiers,  autcantic  gain  control  circuits,  or  other  nonreciproeal 
electrical  ooaponsnts  that  are  oonnsetsd  to  the  transducers  be  disconnected 
during  the  reciprocity  calibration  asastir—nts.  M  electronic  calibration 
of  nonreciprocal  cosponents  can  bo  perfomsd,  «dten  required,  by  using 
conventional  electrical  naasurehsnts. 

A  aeries  of  three  projector-hydrophone  nsasuresents,  as  Shewn  in 
Table  1,  is  required  to  detemine  the  freefleld  voltage  sensitivity  (and,  from 
reciprocity,  the  transBdtting  current  response)  of  the  three  transducers. 
Typically,  ons  first  drives  T^  and  receives  wiQi  T^,  then  drives  and 
receives  «rith  T^,  and  lastly  drives  T^  and  receives  with  T^. 

TSble  1  -  Measurements  for  three-transducer  reciprocity  calibration. 


>.w:r 


I«t  us  oonsidsr  ths  flxst  of  thsss 


nts.  The  curxsnt  ussd  to 


Arlso  is  i^.  ths  aooustic  prsssuxs  produosd  tay  in  ths  vicinity  of 
*2  ^  fcy  ^  tsansaitting  current  rssponss  of 

and  t2is  sound  propagation  factor  0^^  is  a  dinansionlass,  fraquancy  dapandant, 
<piantity  that  is  a  fhnetion  of  ths  sonar  and  Ship  construction  and  tho 


locations  of  both  and  T^.  If  t^  uas  in  tha  farfiald  of  and  tha 


nt  involvad  only  tha  two  tnunsduoars  in  opan  wataz;  i.a.,  without  tha 


rast  of  tha 


and  Ship  peasant,  than  0^  %iould  ba  given  by 
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5^J«PCWd^-d^j)l 


Bara  tha  distance  d  is  usually  equal  to  i  •  as  ^pacified  in  tha  definition  of 


8,,  and  the  distance  d,.  is 
1  12 


batwaan  spacifiad  rafaranca  points  on  T, 


and  tj.  The  wavanusbar  k  is  given  by  w/c,  «d«ara  w  is  tha  angular  fraquancy  in 
cadians  par  second  and  e  is  the  sound  spaed  in  tha  surrounding  aodiusi  (usually 
saaMStar)  in  setars  par  second.  Tha  assusad  tise  dapandanca  eap(  jet)  has  bean 
stqiprassad  for  convanianca.  Por  tha  in  situ  case,  howevar,  tha  situation  is 


MiCh  nore  oeeplicated  and  a  oorra^Mnding  closed  fora  for  0^  is  unlikely  to 


be  available.  For  tha  prasent.  wa  assuaa  that  wa  have  maaarical  values  for 
both  the  asplitude  and  phase  angle  of  0^^.  na  note  that  tha  sound  propagation 


factor  la  usually  zeciprocali  i.a.,  0^^  is  equal  to 


or,  in  general,  0^^  is 


•qMSl  to  0^^.  Thus  the  propagation  factor  is  unchanged  idian  tha  roles  of  tha 


transducers  are  intarChangsd  so  that  transducer  T. 


the  projector  and 


baoesMs  tha  receiver.  The  reciprocity  of  0  follows  froai  the  asnawil 
reciprocity  of  tha  appropriate  Green's  function.  If  tha  Green's  function  is 


not  reciprocalf  a.g.,  if  tha  affects  of  flow  due  to  notion  of  tho  sonar 
platform  through  tha  water  require  a  nonreciprocal  Green's  function,  then  0  is 


not  reciprocal  and  0^^^  and  0^^^  must  be  treated  as  independent  quantities.  To 


avoid  this  possibility,  we  reooaamnd  that  tha  in  situ  calibration  ba  parforamd 
at  platform  speeds  less  than  a  few  loiots  until  test  maasureamnts  are  made  that 
damonstrata  tha  reciprocity  of  0  for  highsr  speeds.  [Sea  tha  conamnts 
regarding  suCh  a  test  following  Eq.  (16)]. 


opan-circuit  voltage  produced  by  is  given  by 
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WlMM  is  ths  xsosislnq  voltags  ssnsltlslty  of 


Sisrilsrly,  ss  obtain  for 


it  SStli^  2 
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irtiszs  M  is  ths  rscsiviag  voltags  ssnsitivity  of  T  .  In  frssfisld  xsciprocity 
calibration,  one  oftsii  choosss  ths  drivs  currsnt  i^  for  in  this 
■sasursasnt  to  bs  squal  to  that  ussd  in  ths  first  issursasnt.  Howsvsr,  this 


■sasursasnt  to  bs  squal  to  that  ussd  in  ths  first  issursasnt.  Howsvsr, 
Choics  sd^t  not  bs  dssirabls  if  ons  of  ths  hydro^honss  or  is  sudh 
ssnsitivs  than  ths  othsr. 


sstup  3  ws  obtain 
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Equation  (4)  can  bs  rswrittsn  in  tsras  of  instsad  of  by  using  «  J8^, 
ths  rslationShip  that  is  satisfisd  by  rsciprocal  transduosrs.  Hars  J  is  ths 
coaplSK  sEhsrical  ways  rsciprooity  parasbtsr  givsn  by  Bsransk  Cf)t 


«disrs  p  is  ths  dsnsity  of  ths  surrounding  aadiun.  Equation  (4)  now 


*32- 


"2"3S2^2 


Cosbining  Eqs.  (2),  (3),  and  (6),  ws  obtain  ths  following  siq^saion  for  ths 
rsosiving  voltags  ssnsitivity  of  transducsr  T^i 

*12*32^13^13*^  , 

*  "  *13^12S2'*32^12 


substitution  of  into  Iq.  (6)  produoss 


K  ,  *13*32^12^12*^ 

*  *12*‘13S2^32^13 


Substitution  oC  into  Sq.  (2)  ulth  thn  uso  oC  tha  xocipxoclty  xolntlonShip 
•  JS^  znoults  In 


“l 


fo  •  i  S  J  1 1/2 
12  13  32*^32  ^ 
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(») 


Iho  Mnsitlvity  unluM  abtniimd  fron  Bqs.  (7)  through  (9)  an  oonplox 
quantitim;  thay  posMM  both  an  anpUtuda  and  a  phaaa  angla.  tha  aaplituda 
|M|  is  found  fron  tha  aaplitudas  of  tha  naaaund  aoltagas  and  cumntsi  i.a., 

_  ^‘•l2"•l3‘'S2"^2•'•^•  1^2 

^  l••32‘*^12“h3“^2"^3‘ 

Uhila  tha  Ehaaa  angla  a(M)  is  obtainad  fxoai  tha  oomsponding  phasa  anglas  Si 
a.g.. 


4  a<j)  -  ♦(Sjj)  “  ♦(iij)  ♦<^13)  -  “  ♦<'®i3>l  ‘ 


Han  a(B)  danotas  tha  phasa  angla  tan''\y/s)  of  tha  ooaplax  quantity 
a  ■■  X  4  iy.  Ha  nota  that  tha  tnnaduoar  trananitting  cumnt  naponsas  8^  can 
nadily  ba  obtainad,  if  dasind,  fran  tha  sansitiaitlaa  hf  usa  of  tha 
nclpncity  nlationShip  8  * 

tha  aanaitiaitias  of  all  of  tha  tnnaduoan  in  a  aonar  array  can  ba 
obtainad,  thna  transduoan  at  a  tina,  by  usa  of  Bqa.  (7)  through  (11). 
Howavar,  avaluation  of  thaaa  aquations  nquins  mawrioal  valuaa  for  tha 
propagation  facton  0^^,  0^^,  and  0^^.  In  tha  naxt  aaotlon,  ua  daacriba  how 
to  obtain  thasa  valuaa  aapirioally. 

XXI.  BVMUDMVXOH  OP  80DHD  PROPHOMnOII  PMRDia 

calculation  fron  first  principtes  of  tha  sound  propagation  factors  0^^ 
for  Ship-sBuntad  sonar  systasb  uould  ba  sat  ran  Iy  difficult,  if  not 


inposaible.  ttier*€or«,  wa  propo—  an  aaplrical  solution  to  tbs  problOBi  based 
on 


its.  Equations  (2)  thzough  (6)  can  be  solved  for  0^.  and 


we  obtain 
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12  W^W^l^^ 
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0. 


•32*^ 


32  W^M-l  , 
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or.  In  general. 


a  - 


(15) 


Pros  the  reciprocity  of  0^^,  ee  also  have 
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Ij  "jl 


(16) 


Consequently,  ve  can  detentlna  the  factors  0.  tram  a  projector-hydrophone 


ij 


aeasurenent  either  with  as  a  projector  and  as  a  hydrophone  or  with  as 


a  projector  and  as  a  receiver.  Ws  note  that  the  reciprocity  of  0  can  be 


tested  by  oosparing  the  values  obtalnsd  for  d  froai  the  two  different 


ij 


nts. 


the  sensltlvitleo  and  required  In  Eq.  (16)  can  be  obtained  by 
freefleld  swasurewents  ssMde  In  a  calibration  facility  isandlately  before 
Installation  of  the  transducers  on  the  ships,  the  neasuresnnts  to  detersdne 
d^^  are  then  sade  as  soon  as  possible  after  ship  installation  in  order  to 
nlniadse  the  possibility  of  changes  in  the  sensitivities  from  the  pre¬ 
installation  values.  For  an  array  with  M  transducers,  there  are  M(M-i)/2 
Independent  factors  d^^*  1-1,2. .  .If-li  j«i,2, . .  .Mi  j>l.  As  tie  will  see  later  in 
Section  V,  we  do  not  need  values  for  all  of  these  factors  but  only  for  a 
relatively  ssall  nusber  of  then.  Once  the  required  factors  d^^^  sze  Icnown,  the 
transducer  sensitivities  can  be  determined  at  any  later  tise  by  the  use  of 


in  situ  calibration,  itiis  asauMS,  of  course,  that  the  factors  0^^  remain 
unchanged;  i.e.,  that  there  are  not  significant  dhanges  in  the  acoustic 
boundary  conditions  associated  with  sound  propagation  bet«feen  each  of  the 
relevant  pairs  of  transducers  in  the  sonar  array.  The  acoustic  boundary 
conditions  depend  on  both  the  geoMtry  of  the  sonar  array  and  neighboring 
structures  and  the  input  medhanical  inpedance  of  the  array  transducers,  we 
assume  that  there  are  no  significant  changes  in  the  geometry.  Changes  in 
input  sechanical  impedance  can  accompany  Changes  in  transducer  sensitivity  (or 
transmitting  response).  Hotiever,  we  do  not  expect  these  changes  to 
significantly  affect  the  propagation  factors  0^^,  except  possibly  at 
frequencies  near  transducer  amChanical  resonance  and  then  only  for  a 
substantial  loss  of  sensitivity  (or  transsatting  response)  of  transducers 
located  directly  bet%#een  the  i  and  j  ^  transducer.  If  in  situ  calibration 
is  desired  for  frequencies  near  mechanical,  resonamce,  measurements  can  be  made 
tor  the  given  sonar  to  determine  Whether  the  factors  0^^  change  significantly 
«rtien  nei^iboring  transdticers  severely  degrade. 

IV.  IH  SITU  OOMPARISOM  CaOJCBIMTICIN 

The  three-transducer  reciprocity  procedure  described  in  Section  II  can 
be  used  to  caQ.ibrate  all  of  the  transducers  in  the  array,  three  traunsducers  at 
a  tise.  However,  it  may  be  simpler  (at  least  for  highly  reliable  sonars)  to 
calibrate  only  a  few  selected  master  transducers  throughout  the  array  using 
the  reciprocity  procedure  and  then  to  xise  these  transducers  to  calibrate  the 
remaining  transducers  by  t«#o-transduoer  cospaurison  calibration.  The  price  for 
using  compaurison  calibration  is  a  possible  reduction  in  the  accuracy  of  the 
sensitivity  values.  The  accuracy  may  still  be  acceptable  for  operational 
purposes.  Future  studies  will  be  required  to  mahe  this  determination. 

In  situ  comparison  calibration  involves  measurements  similar  to  those  of 
setups  1  and  2  in  Table  1.  First  we  drive  one  of  the  master  transducers  as 
the  projector  T^  and  receive  with  another  master  transducer  as  the  hydrophone 
T  ehown  in  setiip  1.  (This  meauaureamnt  may  aQ.ready  have  been  made  during  the 

A 

three-transducer  reciprocity  calibration  of  T^  and  . )  Wa  then  make  a 
maasureamnt  using  setup  2  with  one  of  the  uncalibrated  transducers  as 
hydrophone  T  .  Coabining  Eqs.  (2)  and  (3)  results  in  the  following  expression 
that  can  be  used  to  compute  the  unknown  sensitivity  from  the  measured 
voltages  e^^  *2.3  currents  i^^  ^2.3* 
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ihe  aensitivity  of  eaibh  of  the  other  uncalibrated  transducers  can  then 
be  obtained  by  repeating  sett;^  2  weMurmeente  with  different  choices  for  T^. 
When  a  different  naster  transducer  is  used  as  the  projector  (and  probably  a 
different  master  transducer  used  for  the  hydrophone  *^2^'  must  make  a  setup 
1  measurement  for  these  transducers,  assuscinq  the  measurement  has  not  already 
been  made. 

V.  RBOOMOEiajeD  PMDCBDUBB  POR  IM  SITU  CattSf^BRMTIOII 

Ihe  following  is  our  rennsmsiralad  procedure  for  the  in  situ  calibration 
of  transducers  in  a  sonar  array. 

1.  All  of  the  transducers  ore  calibrated  prior  to  ship  installation 
by  /ree/ield  measurements  mode  in  a  calibration  facility  such  as 
NRL-USAD,  Me  tecosnend  that  three-transducer  reciprocity 
calibration  be  used  for  this  purpose.  Reference  2  describes 
reciprocity  calibration  eieasurements  with  phase  included.  If 
reciprocity  calibration  is  not  feasible,  for  reasons  of  time  or 
cost,  two-transducer  comparison  calibration  using  a  single  standard 
hydrc^lhone  as  a  reference  is  acceptable.  Hie  extra  uncertainty 
introduced  into  the  sensitivity  values  by  comparison  calibration  is 
essentially  the  uncertainty  in  the  sensitivity  of  the  reference 
hydrophone.  Since  this  extra  uncertainty  is  connon  to  all  of  the 
comparison  calibration  measurements,  it  cancels  when  we  form  ratios 
of  the  resulting  transducer  sensitivities.  Hence,  relative 
sensitivities  obtained  using  comparison  calibration  are  as  accurate 
as  those  obtained  using  reciprocity  calibration.  Beamforming 
accuracy,  idiich  depends  on  relative  rather  than  absolute  transducer 
sensitivities,  «rill  not  be  comproaiised  by  the  use  of  comparison 
calibration . 

If  eadh  of  the  transducers  is  actually  a  cluster  of  hydrophones 
that  is  joined  electrically  and  treated  as  a  single  element  for 
beamfonid.ng  purposes,  then  the  pre-installation  calibration  of  each 


cluster  should  be  perfonsad  with  the  cluster  hydrophones  connected 
electrically  and  arranged  geosatrically  the  sane  as  they  are  in  the 
sonar  array.  Ihe  resulting  freefield  sensitivities  will  represent 
clusters  rather  than  individual  hydrophones.  Often,  however,  the 
electrical  leads  of  the  hydrophones  are  individually  accessible  on 
board  the  shipi  e.g.,  at  the  input  to  a  junction  box  %diere  they  are 
connected  electrically  to  fom  a  hydrophone  cluster.  In  this  case 
we  can  choose  to  calibrate  on  an  individual  hydrophone  rather  than  a 
cluster  basis.  Although  doing  so  significantly  increases  the  number 
of  sensitivity  values  and  propagation  factors  that  must  be 
detersdned  and  retained,  the  additional  information  can  be  very 
valtiable  for  diagnostic  and  beamforming  purposes. 

2.  The  cfiotca  is  mode  betueen  cose  (a)  using  in  situ  reciprocity 
calibration  for  all  of  the  transducers  in  the  sonar  array  and  case 
(b)  using  in  situ  reciprocity  calibration  for  selected  master 
transducers  and  using  these,  via  in  situ  comparison  calibration,  to 
determine  the  sensitivities  of  the  remaining  transducers  in  the 
array, 

3.  If  the  choice  in  step  2  above  is  case  (a),  then  the  three - 
transducer  combinations/  i.e.,  triads,  involved  in  the  reciprocity 
calibrations  are  selected,  ihe  selection  process  Involves  trial  and 
error;  It  needs  only  be  done  once  for  each  type  of  sonar  array. 

Each  triad  should  be  chosen  so  that  its  three  transducers  aire  as 
close  as  possible  in  order  to  saximise  the  magnitudes  of  the 
received  signals  ao(]uired  during  the  calibration  process  relative  to 
the  acoustic  signals  simultaneously  being  radiated  to  the  ship's 
faurfield.  Ihis  requiresant  assumes  that  maintaining  ship  covertness 
during  the  calibration  measuresants  is  isportant.  Covertness  should 
be  reasonably  easy  to  aadLntain  since  acoustic  signals  just 
sufficient  for  in  situ  calibration  measurements  (made  very  close  to 
the  projector)  will  be  weSk  and  difficult  to  detect  in  the  farfield 
of  the  ship.  If  the  hydrophone  and/or  cable  shielding  does  not 
provide  sufficient  electromagnetic  suppression,  thetramsduoers  in 
each  triad  must  also  be  located  far  enough  apsxt  to  allow  suitable 
signal  gating  to  avoid  electromagnetic  interference.  (He  assume 
that  the  calibration  measurements  are  made  using  pulsed  sinusoids 
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with  pulM  lengths  sufficlmt  to  ensure  stesdy-state  results. )  Mhen 
electroBAgnetic  interference  is  negligible,  the  triads  can  be  near- 
nei^^dsor  ooabinations.  For  esnsple,  if  the  transducers  are  nunbered 
in  order  of  their  location  frosi  one  side  of  the  array  to  the  other, 
then  triad  i  would  include  transducers  i,  2,  and  3;  and,  in  general, 
triad  n  would  include  transducers  3(n-l)  4-  1,  3(n-l)  4-  2,  and 
3(n-l)  4-  3. 

4.  If  the  choice  in  step  2  above  is  case  (t>},  then  the  master 
transducers  are  selected.  Ihese  transducers  should  be  scattered 
throughout  the  sonar  array.  There  Miould  be  enough  of  them  so  that 
every  sonar  transducer  is  reasonably  close  to  at  least  one  of  the 
master  transducers,  and  so  that  they  can  be  divided  for  reciprocity 
calibration  into  triads  of  reasonably  close  transducers.  For 
example,  in  the  array  mentioned  above  in  step  3  one  sdght  select 
transducers  3,  8,  13,  18,  etc.  as  the  master  transducers  with  3,  8, 
and  13  forming  the  first  master  triad,  etc. 

5.  The  sound  propagation  factors  are  obtained  as  soon  as  possible 
after  installation  of  the  transducers  in  the  sonar  array.  The 
required  factors  an  determined  by  projector-hydrophone 
smasuresmnts  either  with  transducer  as  projector  and  as 
hydrophone  CEq.  (15)]  or  vice  versa  CEq>  (16)].  Hcwever,  before  we 
make  measurements,  we  must  first  determine  which  of  the  N(H-l)/2 
independent  sound  propagation  factors  (for  an  array  with  M 
transducers)  are  required. 

For  case  2(a),  we  need  values  only  for  the  factors  linking  the 
transducers  in  each  triad.  In  the  example  given  above  in  step  3, 
this  includes  ^45'  ^44*  @56  »  total  of  N 

propagation  factors.  (Actually,  if  N  is  not  a  multiple  of  three, 
the  nuBber  of  factors  that  are  required  will  lae  one  or  two  greater 
than  M . )  The  need  for  only  M  propagation  factors  rests  on  the 
assisiption  that  all  three  transducers  in  each  triad  retain 
sufficient  sensitivity  (and  response)  such  that  there  is  no 
significant  reduction  in  signal-to-noise  for  any  of  the  three  in 
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•Itu  oalltoration  MavuMMknts.  nils  aMunption  is  unlUcsly  to  be 
■et  in  praetioe.  Mhen  the  sensitivity  (and  response)  of  one  of  the 
transducers  decreases  to  e  point  that  the  accuracy  of  one  (or  two) 
of  the  received  voltages  e. e^.  ,  or  e..  is  reduced,  then  the 
accuracy  of  all  three  resulting  sensitivity  values  M  ,  M  ,  and  M  as 

1  J  K 

olaitalnsd  using  Bgs.  (7)  throu^  (9)  will  also  be  reduced.  To 
protect  against  this  situation,  «ie  build  redundancy  into  the 
calibration  process.  In  particular,  we  divide  the  array  into 
groupings  of  sore  than  three  transducers.  As  long  as  at  least  three 
transducers  in  each  gro<g>ing  retain  adequate  sensitivity  (and 
rei^onse),  these  "good"  transducers  can  be  calibrated  by  reciprocity 
asasuraaents  involving  only  "good"  transducers,  ihe  sensitivity  of 
each  of  the  othen  i.e.,  degraded,  transducers  can  then  be  obtained 
by  reciprocity  aeasureaants  involving  two  of  the  "good"  transducers 
and  the  degraded  transducer.  Although  the  accuracy  of  the  resulting 
sensitivity  values  for  ths  degraded  transducers  trill  probably  be 
reduced,  accuracy  for  the  "good"  transducers  will  raaain 
undlainished.  We  note  that  the  tera  "degraded"  as  used  here  does 
not  asan  that  the  transducer  is  nonfunctioning  and  should  be 
disconnected.  It  aerely  aaans  that  the  sensitivity  (or  response) 
has  dropped  to  the  point  that  there  is  a  significant  reduction  in 
the  signal~to-noise  ratio  for  projector-hydrophone  calibration 
aeasuraaants  involving  the  degraded  transducer.  Of  course,  the 
transducer  could  be  so  severely  degraded  that  use  of  the  transducer 
as  a  receiver,  together  with  asplification  of  its  output  to  account 
for  reduced  sensitivity,  results  in  disdnished  sonar  perforaance. 
Similarly,  its  use  as  a  projector  aight  be  iapossible  because  of  an 
inability  of  the  sonar  drive  electronics  to  provide  the  required 
aBt>lificati<Mi.  in  this  case,  the  sonar  operator  should  disconnect 
the  transducer  (or  adjust  its  Shading  to  aero)  and  reshade  the 
reaainder  of  the  sonar  transduosrs  to  provide  optiaua  array 
perforaance. 

Selection  of  the  nuSber  of  transducers  N  to  include  in  each 

q 

grouping  depends  on  the  percentage  of  transducers  in  the  array  that 
are  eiqpected  to  degrade  before  the  array  is  retrofitted.  If  the 
percentage  is  noderately  lowi  e.g.,  below  15  percent,  then  a  very 


oonMxvatlve  tihoioe  for  M  would  be  six.  itie  liXelibood  that  at 
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least  three  of  the  transducers  would  resmin  "good**  «iould  be  nearly 


unity  t4).  With  N  equal  to  six,  however,  we 
9 


retain  two  and  one-half  t 


when  N  is  equal  to  three.  For  the 
9 


It  detexsane  and 
as  nany  sound  propagation  factors  ^ks 
given  above  in  step  3, 


we  require  values  for  <3^^,  p^j.  P^^.  P^^. 


P  ,  P._,  P-,f  P„,  etc.  thus  we  now  need  15  factors  for  the 
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first  6  transducers  as  opposed  to  6  factors  before.  If  we  increase 


the  redundancy  further  by  aaking  M  equal  to  nine,  we  require  four 
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tines  as  nany  factors  as  «dien  is  equal  to  three.  An 


approxination  for  the  nustoer  of  factors  that  are  required  is  given 


by  M(N^-l)/2.  this  expression  is 


of  M  and  are  sultiples  of 


three. 


For  case  2(b),  %ie  need  values  for  both  the  factors  linking  the 
transducers  in  each  snster  triad  and  the  factors  linking  eaCh  non- 
aaster  transducer  to  one  of  the  naster  transducers.  For  the  exHpls 
given  above  in  step  4,  this  includes  p^^^,  P^  d,  P^^.  P^y 

^34'  ^35'  ^66*  ^78'  *  total  of  exactly  M  propagation 

factors,  essentially  the  sann  as  for  case  2(a).  When  we  add 
redundancy  for  case  2(b),  however,  the  situation  beooxss  nore 
oonplicated.  Considsr  an  increase  in  the  nunber  of  potential  naster 
transducers  for  eaCh  non  naster  transducer  in  order  to  protect 
against  reducsd  accuracy  in  both  the  sensitivity  of  the  naster 
transducers  obtainsd  by  reciprocity  calibration  and  the  sensitivity 
of  the  rsnsining  transducers  obtained  by  ooaparison  calibration. 

If,  for  exnqple,  we  consider  the  exnuple  given  above  in  step  4  and 
increase  the  redundancy  by  a  factor  of  two  by  providing  two 
potential  anster  transducers  for  each  non-naster  transducer,  we  then 


require  values  for  the  factors  P,,,  P3^^3.  03^^^,  03^33,  03^3^, 


®8,13'  ®8,8' 


^23,28'  ^13'  ^23'  ^34'  ^35'  ^18'  ^28'  ^38'  ®48' 


P33,  etc.,  for  a  total  of  appcoxlaately  2M  factors.  Although  this 
is  conparable  to  the  nunbsr  of  factors  requirsd  for  case  2(a)  tdisn 
we  double  the  grouping  sise,  it  does  not  provide  near  the  sane 
protection.  In  case  2(a)  it  is  only  necessary  for  three  out  of  six 
transducers  to  rsnain  "good."  In  case  2(b)  it  is  necessary  that  one 
out  of  two  naster  transducers  rsnain  "good."  a  nuch  nore  stringent 
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tequir— nt .  lie  haire  to  IncxMM  the  redundancy  of  the  aae 
traneduoere  in  com  2(b)  by  a  factor  of  20  in  order  to  eqnal  the 
protection  obtained  Cor  caee  2(a)  by  increaaing  the  traneduoer 
groupinga  to  aix.  This  would  increaee  the  nueber  of  required 
propagation  factora  for  caee  2(b)  aignificantly  beyond  that  required 
for  caee  2(a).  thue,  «ftien  eignifioant  redundancy  ie  required,  we  do 
not  reooenend  the  uee  of  in  eitu  oonparieon  calibration  becauee  of 
the  large  nueber  of  propagation  factore  that  «Hiat  be  deterwined  and 
retained.  In  eitu  oonparieon  calibration  appeaze  to  be  euitable 
prinarily  for  eonar  arraye  that  are  very  reliable,  i.e.,  for  which 
relatively  few  tranaduoere  degrade  before  the  eonar  ie  retrofitted. 

6.  The  in  situ  coiibration  is  performed  using  the  procedure  for 
either  cose  2'(a)  or  2(b),  The  curator  and/or  controlling  oonputer 
software  should  exanine  the  sensitivity  values  as  they  are  obtained 
in  order  to  detemine  «dien  one  of  the  transducers  has  degraded. 
Assuadng  that  he  has  values  for  the  additional  propagation  factors 
that  are  required,  the  curator  can  then  subetitute  a  "good” 
transducer  for  the  degraded  transducer  during  shbeequent  calibration 
neasurenents  to  detemine  the  sensitivities  of  the  other 
transducers.  This  substitution  will  elisdnate  the  loos  in  accuracy 
of  the  sensitivity  obtained  for  "good”  transducers  due  to  the  uee  of 
degraded  transducers  in  their  calibration. 

VI.  OOMCUISIOII 

The  procedure  described  in  this  report  can  be  used  to  detemine  the  up- 
to-date  sensitivity  (and  msponsa)  of  all  of  the  tranoducem  in  a  sonar  array. 
The  resulting  values  are  freefield  values;  otherwise,  they  could  not  be 
ooapared  to  pre-installation  values  obtained  froei  neasurenents  ende  in  a 
calibration  facility  such  as  MRZr-USKO.  Beanfoming  based  on  pre-installation 
sensitivities  can  be  nodified  during  a  sea  exercise  to  mflect  changes  in  both 
the  aaplitude  and  phase  of  the  transducer  sensitivies  (and  responses).  This 
nodification  can  nininise,  perhaps  even  eliainate,  the  otherwise  deleterious 
effects  due  to  Changes  in  transducer  sensitivities  (and  msponses). 


laplMMiitatlon  will  prolitf>ly  rwquizw  a  signif leant  inexaasa  in  tha 
aoEtiistioation  of  tha  aonar  ayatan,  but  tha  oparational  adwantagaa  ara 
obaioua. 
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obtain  a  probability  of  99.4% 


